The fatigue property is significantly affected by the inner inclusions in steel. Due to the inhomogeneity of inclusion distribution in the micro-scale, it is not straightforward to quantify the effect of inclusions on fatigue behavior. Various investigations have been performed to correlate the inclusion characteristics, such as inclusion fraction, size, and composition, with fatigue life. However, these studies are generally based on vast types of steels and even for a similar steel grade, the alloy concept and microstructure information can still be of non-negligible difference. For a quantitative analysis of the fatigue life improvement with respect to the inclusion engineering, a systematic and carefully designed study is still needed to explore the engineering dimensions of inclusions. Therefore, in this study, three types of bearing steels with inclusions of the same types, but different sizes and amounts, were produced with 50 kg hot state experiments. The following forging and heat treatment procedures were kept consistent to ensure that the only controlled variable is inclusion. The fatigue properties were compared and the inclusions that triggered the fatigue cracks were analyzed to deduce the critical sizes of inclusions in terms of fatigue failure. The results show that the critical sizes of different inclusion types vary in bearing steels. The critical size of the spinel is 8.5 µm and the critical size of the calcium aluminate is 13.5 µm under the fatigue stress of 1200 MPa. In addition, with the increase of the cleanliness of bearing steels, the improvement of fatigue properties will reach saturation. Under this condition, further increasing of the cleanliness of the bearing steel will not contribute to the improvement of fatigue property for the investigated alloy and process design.
Introduction
Fatigue property is a key feature for bearing steel [1, 2] . With the development of industrial demand and the improvement of steel quality, more researchers begin to focus on fatigue properties in high cycle fatigue (HCF) and very high cycle fatigue (VHCF) regimes [3] [4] [5] . Inclusions and the cleanliness of steel play an important role in the fatigue property, especially in HCF and VHCF regimes. Vast studies have been carried out on the improvement of metallurgical process to increase the cleanliness of molten steel through the control and removal of nonmetallic inclusions, such as adjusting the composition of the refining slag [6] [7] [8] [9] , optimizing the charging during melting [10] [11] [12] , and improving the physical design of the tundish [13] [14] [15] , etc. Based on these studies, the metallurgical technique develops rapidly, and the cleanliness of steels keeps improving.
So far, various investigations have been performed to correlate the inclusion characteristics, such as inclusion fraction, size and composition, with fatigue life. Murakami et al. [16, 17] 
developed
Metals 2019, 9, 476 2 of 15 a theory describing the effect of the inclusion size on fatigue life and claimed that there is always a critical inclusion size in an investigated area, which will lead to fatigue crack initiation during fatigue process. A well-recognized and used conclusion is illustrating a monotonic relation between the fatigue strength with respect to the critical inclusions size, which indicates that the inclusion engineering shows great capability in improving the fatigue life of materials. Spriestersbach et al. [18] reported that the inclusion type also affects the fatigue process, except for inclusion size based on the investigation on the fatigue properties of bainitic high-strength steel. Gu et al. [19] have also demonstrated that the residual stresses generated during the heat treatment of steel production between the inclusions and the steel matrix has also constructive impacts on the fatigue life and various types of the inclusions could induce quite different residual stress profiles according to their thermal expansion and mechanical properties [20] . Nevertheless, these experimental studies are generally based on vast types of steels and even for a similar steel grade, the alloy concept and microstructure information can still be quite different. For the numerical studies, it is possible to investigate the single-variable effect keeping the others constants, e.g., to investigate only the size effect of one specific type of inclusions on the fatigue life [21] . However, the microstructure-based modeling approach can so far only focus on one type of fatigue mechanisms without considering the competition between various ones driven by either inclusions or matrix. For a quantitative analysis of the fatigue life improvement with respect to the inclusion engineering, a systematic and carefully designed experimental study is still needed.
With the improvement of the cleanliness of steel and the sharp decrease in the amount and size of inclusions in steel, some new failure mechanisms are induced during the service of steel [22] . Based on multiple studies on fatigue properties, the fish eye structure is a typical sign for internal fatigue crack initiations induced by inclusions [23] . Nevertheless, in recent decades, a different structure, named optically dark area (ODA) [24, 25] , fine granular area (FGA) [2] , or granular bright facet (GBF) [3] by different research groups, has been proved to be possibly generated before the fish eye structure during the fatigue crack initiation especially for cracks initiated from smaller inclusions. Based on this new progress, it is reasonable to doubt whether the fatigue property still improves with the increase of cleanliness. In the previous research by Gu et al. [26] , the fatigue properties of two high carbon bearing steels deoxidized with different deoxidizing agents with non-negligible differences of cleanliness have been compared. The results show that the fatigue properties are still close regardless of the difference in cleanliness. The unusual fatigue property related to different deoxidizing agents was also reported by Bertrand et al. [27] based on the research of spring steels. Besides, the hydrogen trapped by inclusions in bearing steel is reported to be related to the formation of ODA [17, 24, 25] and plays an important role during the fatigue cracking process [28] . To decrease the hydrogen embrittlement in bearing steel, the hydrogen content in bearing steels should be carefully controlled during the production [29] . Louthan [30] also claimed that cracks that result from the precipitation of internal hydrogen are called fisheyes.
To quantitatively analyze the fatigue life improvement with respect to the inclusion engineering, three types of bearing steels with inclusions of the same types, but different sizes and amounts were produced with 50 kg hot state experiments. The followed forging and heat treatment procedures were kept consistent to ensure the only controlled variable is the inclusion. The fatigue properties were compared and the inclusions which triggered the fatigue cracks were analyzed to deduce the critical sizes of inclusions in terms of fatigue fractures.
Materials and Experimental Procedures

Material Preparation
Three 50 kg bearing steels were smelt with a vacuum induction furnace (Jinzhou Vacuum Furnace Co., LTD, Jinzhou, China) in this study. In each steel, the consistent deoxidizing agent Al was added and different total oxygen content (T.O) in steels were obtained. T.O is usually recognized as the indicator of the cleanliness of steel. The main compositions and controlled T.O are shown in Table 1 . In this study, the steels with T.O lower than 8 × 10 −6 are defined as high-quality steel; the steels with T.O in the range of 8 × 10 −6 -12 × 10 −6 are defined as commercial quality steel. During the melting process, the temperature was kept at 1650 • C. After the addition of the deoxidizing agent Al, the furnace was evacuated to ultimate vacuum and filled with argon. The holding time for steels A, B, and C was 30 min. Afterwards, the molten steel was poured into a mold, which was mainly made of MgO. The shape of the mold was a cylinder with a diameter of 150 mm.
The ingots were kept under 1200 • C for 3 h and forged into round steel bars with a diameter of 35 mm. The temperature of the whole forging process was kept above 850 • C. The subsequent heat treatment procedures included vacuum oil quenching after being held for 20 min at 835 • C and tempered for 120 min at 180 • C. The whole forging and heat treatment processes of steels A, B, and C were kept exactly the same, guaranteeing that the microstructures, as well as the relative movement and the deformation of inclusions, are invariant, while T.O is the only variable in the three steels. The inclusion analysis samples and fatigue test specimens were all taken from the steel bars.
Fatigue Tests
The fatigue tests were carried out in high cycle fatigue (HCF) and very high cycle fatigue (VHCF) regimes. The fatigue specimens were all taken near the surface of the steel bar along the bar axis. The specimen geometry and the positions are shown in Figure 1 . To avoid fatigue cracks initiated from the surface, the arc parts in the middle of the specimens were carefully polished. The roughness R a of the arc parts in the specimen is smaller than 0.01 (GB/T1031-2009). The polished scratches were all in the longitudinal direction.
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The fatigue tests were carried out in high cycle fatigue (HCF) and very high cycle fatigue (VHCF) regimes. The fatigue specimens were all taken near the surface of the steel bar along the bar axis. The specimen geometry and the positions are shown in Figure 1 . To avoid fatigue cracks initiated from the surface, the arc parts in the middle of the specimens were carefully polished. The roughness Ra of the arc parts in the specimen is smaller than 0.01 (GB/T1031-2009). The polished scratches were all in the longitudinal direction. Fatigue tests were conducted under a frequency of 20 kHz with UFT-Core UA00RTE resonance fatigue testing machine (MCT Technology, Chengdu, China) produced by MCT Technology. To ensure the high frequency, the shape of fatigue specimen shown in Figure 1 was designed based on the Young's modulus and density of the steel so that the natural frequency of the specimen matches the vibration frequency of ultrasonic fatigue testing machine. During the fatigue tests, the stresses were loaded through the resonance occurred at the specimens. Since the yield stresses of steels A, B, and C were 2323 MPa, 2331 MPa, and 2329 MPa, respectively, the stress amplitudes were in the range of 1070-1320 MPa (~50% of yield stress). The loading condition was a fully reversed tension-compression (stress ratio R = −1). The fatigue tests were conducted in the pulse/pause mode under air cooling to avoid the effect of temperature. The loading sequences of 500 ms interrupted by pause sequences of 1000 ms were applied. The temperature during the tests was kept under 50 • C. After the specimens were broken, the fractures were observed with scanning electron microscopy (SEM) (FEI, Hillsboro, OR, USA) to clarify the morphologies and determine the crack initiation sites, which were further tested by energy dispersive spectroscopy (EDS) (FEI, Hillsboro, OR, USA) for chemical composition analysis.
Inclusion Analysis Methods
The inclusion analysis specimens (15 mm × 15 mm × 15 mm) were also taken near the surface of the steel bar along the bar axis. The cross sections of the steel bars in the samples were polished by SiC paper and polishing paste. To improve the efficiency of data acquisition, the automatic inclusion analysis system was adopted. This system is based on SEM-EDS, analyzing the size, composition, and shape of every inclusion larger than 0.6 µm in the predefined area. In this study, oxide inclusions in 44.5 mm 2 of each steel were investigated to characterize the oxide inclusion information.
To clarify the three-dimensional morphologies of different types of oxide inclusions, the potentiostatic electrolytic extraction technique was adopted. The schematic diagram of the electrolytic extraction equipment is shown in Figure 2 . The steel sample (10 mm × 10 mm × 10 mm) held by a Pt tweezer was the anode and a Pt ring soaking in the electrolyte was the cathode. The whole electrolytic extraction process lasted around 2 h with a consistent current density of 0.05 A. The electrolyte, consisting of 10% acetylacetone, 1% tetramethylammonium chloride and methanol, was filtrated after the electrolytic extraction and the precipitates containing oxide inclusions were collected and observed with SEM-EDS.
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Results
Characterization of Oxide Inclusions
The charters of oxide inclusions are described in terms of area number densities, types, sizes and typical morphologies in 44.5 mm 2 of the steels from steels A, B, and C in this section. Generally, there are three types of oxide inclusions: Spinel, silicate, and calcium aluminate. Most of the initial deoxidation product Al2O3 inclusions react with Mg elements from the mold and the alloy raw 
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Characterization of Fatigue Properties
where N f is fatigue life. σ is the fatigue stress amplitude. C and α are material constants. The fitting results for C and α are shown in Table 2 .
where Nf is fatigue life. σ is the fatigue stress amplitude. C and α are material constants. The fitting results for C and α are shown in Table 2 . All the fatigue cracks in the present study are initiated inside the specimens from the steel matrix (the hollow symbols in Figure 5a ) or from internal oxide inclusions (the half solid symbols in Figure  5a ). There is a competitive relationship between these two fatigue crack mechanisms. When the All the fatigue cracks in the present study are initiated inside the specimens from the steel matrix (the hollow symbols in Figure 5a ) or from internal oxide inclusions (the half solid symbols in Figure 5a ). There is a competitive relationship between these two fatigue crack mechanisms. When the effects of inclusions on the fatigue property decrease, the fatigue crack will eventually initiate from the steel matrix. In steels A, B, and C, the ratios of fatigue cracks caused by oxide inclusions decrease with the decrease of T.O. All the oxide inclusion induced fatigue characters are shown in Figure 5c . Among all three types of oxide inclusions, silicate inclusions are not observed in the fatigue crack initiation sites, while the other two types of inclusions are both related to the fatigue crack initiations. The maximum and minimum sizes of the spinel inclusion observed in the fatigue crack initiation site are 30.95 µm and 9.26 µm, respectively; the maximum and minimum sizes of the calcium aluminate inclusion observed in the fatigue crack initiation site are 36.83 µm and 13.84 µm, respectively. Figures 6-8 show typical morphologies of cracks initiated from spinel, calcium aluminate, and steel matrix. The fish eye structures are observed in all fatigue fractures and optical dark area (ODA) is observed in part of the fatigue fractures. In addition, there are obvious scatters in the fatigue data, which is caused by the scattering of inclusions and the inhomogeneity of the steel matrix.
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Discussion
The Effect of Oxide Inclusions on Fatigue Properties
The Correlation between 10 9 -Fatigue Limit and the Inclusion Characteristics
To analyze the correlation between the fatigue property and the inclusion characters, the 10 9 -fatigue limits of Steel A, B and C were extracted from Figure 5a . Based on the extracted data, the correlation between 10 9 -fatigue limit and the number density of inclusions, and the correlation between 10 9 -fatigue limit and the average size of inclusions in bearing steels with different cleanliness are shown in Figure 9 . When the number density of oxide inclusions decreases from 2.85 mm −2 to 2.38 mm −2 , 10 9 -fatigue limit of bearing steel increases significantly, while this increase stops when the number density of oxide inclusions keeps decreasing. The same tendency also appears on the correlation between 10 9 -fatigue limit and the average size. 
The Critical Size of Different Types of Inclusions
All types of inclusions in steel will lead to stress concentrations during fatigue loadings, which contribute largely to the fatigue crack initiations. Targeting at analyzing the effect of inclusion sizes on fatigue properties, Murakami et al. [31] introduced the stress intensity factors (SIF) and reported there is a relation between the maximum SIF Kmax,inc and the square root of the internal inclusions area √ and the fatigue stress amplitude σ0 when R = −1, see Equation (2):
When Kmax,inc exceeds the threshold value for the propagation of a long crack Kth (4-6 MPa·m 1/2 for high strength steel, Kth = ∆Kth/2 for R = −1), the crack will initiate with the generation of the fish eye structure. With the investigation of fatigue properties of steel in VHCF regime, researchers found that when Kmax,inc is lower than Kth, the fatigue failure still occurs, but initiates with the generation of the ODA structure.
Although Equation (2) well explains the relation between the size of inclusions and the crack generation behavior during the fatigue process, other parameters of inclusions, which also affect the fatigue property, are neglected, such as the inclusion type [18, 32] . Figure 10 illustrates the relation between Kmax,inc and the fatigue life Nf based on the fatigue data in this study. The data in Figure 9 is sorted by inclusion types. It is obvious that the minimum Kmax,inc for crack initiations of different types of inclusions varies: 2.92 MPa·m 1/2 for spinel inclusions; 3.68 MPa·m 1/2 for calcium aluminate inclusions. 
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where [O] ox can be calculated by Equation (4):
where ρ Fe is the density of steel, kg/m 3 . ρ ox is the density of the oxide inclusion, kg/m 3 , which can be calculated with the parameters shown in Table 3 [33] according to the mass ratio of simple oxides in complex inclusion. (O) ox is the mass fraction of oxygen in a single oxide inclusion. V is the volume fraction of oxide inclusions in steel. The parameter V can be expressed with Equation (5):
where d is the average size of investigated inclusions, m; N v is the volume number density of investigated inclusions, m −3 . Due to the difficulty on the precise measurement of N v , the value of N v can be calculated with the area number density of inclusions N a , m −2 , see Equation (6) [34] :
where the area number density of inclusions N a is the number of inclusions observed in an area of steel divided by the area of the steel, which can be easily obtained with the two-dimension inclusion observation. Based on Equations (3)-(6), the numerical effect of the inclusion size and the number density on [O] ox is analyzed first. Figure 10 Figure 14 shows the variation of critical T.O and non-critical T.O in steels A, B, and C. It is obvious that the decrease of T.O is mainly caused by the decrease of non-critical T.O, which keeps a steady decreasing trend when T.O decreases from 12 × 10 −6 to 6 × 10 −6 . While the critical T.O only decreases by 0.9 × 10 −6 when T.O decreases from 12 × 10 −6 to 8 × 10 −6 for commercial quality steel. When T.O keeps decreasing to 6 × 10 −6 for high-quality steel, the decreasing trend of the critical T.O almost disappears, which well explains the reason for the slight improvement of fatigue property of steels A and B. Therefore, for high quality steel with low T.O, further decreasing T.O is getting less sufficient to the improvement of fatigue life due to the barely decreased critical T.O. 
Conclusions and Summary
A systematic and carefully designed experimental study was developed for quantitative analysis of fatigue life improvement with respect to the inclusion engineering. In this study, only the inclusion characteristics are changed. The following conclusions are obtained:
(1) The minimum K max,inc for fatigue crack initiation varies with the inclusion type. For spinel and calcium aluminate inclusions in the investigated steel, the minimum K max,inc are 2.92 MPa·m 1/2 and 3.68 MPa·m 1/2 , respectively.
(2) The critical size of spinel and calcium aluminate inclusions under different fatigue stress amplitude is deduced according to the minimum K max,inc . Under the stress amplitude of 1200 MPa, the critical sizes of spinel and calcium aluminate inclusions are 8.5 µm and 13.5 µm, respectively.
(3) With the increase of the cleanliness of bearing steels, the improvement of fatigue properties will reach saturation. Under this condition, further increasing the cleanliness of the bearing steel will not contribute to the improvement of fatigue property for this investigated alloy and process design.
(4) For the improvement of fatigue properties, further decreasing the total oxygen content becomes less sufficient since the critical total oxygen content for fatigue life barely decreases with the decrease of the total oxygen content for high-quality steel. Refinement, homogenized distribution of inclusions, and the improvement of the steel matrix are expected to have more outstanding effects on the improvement of fatigue properties.
